In the primary visual area of macaques and other monkeys, layer 4A is a mosaic of separate tissue compartments related to the parvocellular (P) and magnocellular (M) layers of the lateral geniculate nucleus. This mosaic resembles a honeycomb, with thin walls that receive direct P inputs and cores consisting of columns of dendrites and cell bodies ascending from layer 4B, a layer that receives indirect M inputs. To determine whether apes and humans have a macaque-like layer 4A, we examined the primary visual area in humans, chimpanzees, an orangutan, Old World monkeys, and New World monkeys. Apes and humans lacked the dense band of cytochrome oxidase staining in layer 4A that marks the stratum of P-geniculate afferents in monkeys. Furthermore, humans displayed a unique arrangement of presumed M-related cells and dendrites in layer 4A, as revealed with antibodies against nonphosphorylated neurofilaments and microtubule-associated protein 2. Human 4A contained a large amount of M-like tissue distributed in a complex, mesh-like pattern rather than in simple vertical arrays as in other anthropoid primates. Our results suggest that (i) the direct P-geniculate projection to layer 4A was reduced early in the evolution of the ape-human group, (ii) the M component of layer 4A was subsequently modified (and possibly enhanced) in the human lineage, and (iii) the honeycomb model does not adequately characterize human layer 4A. This is the first demonstration of a difference in the cortical architecture of humans and apes, the animals most closely related to humans.
Our current understanding of the structure and function of the human visual system depends critically on experimental studies of nonhuman primates, especially macaque monkeys. The emphasis on macaques is justified by the fact that the visual systems of macaques and humans share many similarities (e.g., refs. 1-7). There is, however, growing evidence that humans also differ from macaques in some aspects of visual organization. For instance, the parasol retinal ganglion cells of humans have much larger dendritic fields than those of macaques, although the dendrites of human and macaque midget cells are of similar size (8) . Because parasol cells project to the magnocellular (M) layers of the lateral geniculate nucleus (LGN), it is reasonable to expect that there are macaquehuman differences in aspects of visual function mediated by the M stream, such as sensitivity to motion and to luminance contrast. There are, in fact, reports that humans are more sensitive than macaques to spatial and temporal luminance contrast under photopic conditions (9, 10) .
In addition to evidence for M-stream differences, there are indications that humans differ from nonhuman primates in the organization of the visual pathway that involves the parvocellular (P) layers of the LGN. Studies of connectivity (reviewed in refs. 11 and 12) indicate that, in Old World and New World monkeys, the P geniculate layers send a projection to layer 4A of the primary visual area (area V1), separate from the larger projection that targets the deep part of layer 4C (4C␤). The P projection to 4A is coincident with a band of dense cytochrome oxidase (CO) staining separate from the thick, densely stained band that marks layer 4C (13) . However, layer 4A has inputs from the M-stream as well as from the P stream. The M-LGN layers project to layer 4C␣, which in turn projects to layer 4B, and the apical dendrites of layer 4B pyramidal cells form bundles that pass upward through layer 4A, accompanied by a number of pyramidal cell somas (14) (15) (16) . These prominent dendrites can be revealed with antibodies that recognize microtubule-associated protein 2 (MAP 2) (14-16) and nonphosphorylated neurofilaments (NPNF) (17) . Thus, as summarized in Fig. 1 , layer 4A of macaques is a mosaic of separate tissue compartments related to the P and M streams, organized like a honeycomb (14) (15) (16) (17) (18) .
The honeycomb model has wide applicability in anthropoid primates: Among taxa that have been studied-which include at least five genera of New World monkeys (13, (19) (20) (21) and four genera of Old World monkeys (13, 22, 23) -only the nocturnal owl monkey (Aotus spp.) lacks a direct P-LGN connection to layer 4A and a corresponding CO-dense band (13) . The fact that the honeycomb is so common in New World and Old World monkeys suggests it should be present in hominoid primates (apes and humans), animals that are closely related to Old World monkeys (24) . It is thus surprising that published studies are unanimous in reporting that humans lack a CO-dense 4A band (17, (25) (26) (27) (28) . This finding has led WongRiley et al. (28) to suggest that the organization of the geniculate projection to layer 4A may have been modified in humans compared with monkeys. However, Wong-Riley (28) also raises the possibility that the difference in CO staining is an artifact of relatively poor tissue preservation in humans compared with monkeys: Experimental monkey tissue is typically fixed by perfusion at the time of death whereas in humans, brains are removed several hours after death and are fixed by immersion in aldehydes, and the delay could result in loss of CO activity.
The possibility that the organization of the primary visual area differs in humans and macaques has prompted relatively little discussion. One reason for this may be the suspicion that the reported difference in CO activity is artifactual. Moreover, even if there is a difference in CO activity, there need not be a major difference in area V1 organization: In macaques, layer 4A receives indirect inputs from the P stream via a projection from layer 4C␤ (29) in addition to the direct inputs from the P geniculate layers, so a reduction or loss of the direct P geniculate input in humans might have relatively minor funcThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Abbreviations: CO, cytochrome oxidase; LGN, lateral geniculate nucleus; NPNF, nonphosphorylated neurofilament protein; M, magnocellular; MAP 2, microtubule-associated protein 2; P, parvocellular; area V1, primary visual area. † To whom reprint requests should be addressed. E-mail: tmp8292@ usl.edu. tional consequences. Finally, empirical support for a human honeycomb has been offered by Yoshioka and Hendry (17) , who labeled the M-related components of human layer 4A by staining for NPNF with the SMI-32 antibody (30, 31) . Yoshioka and Hendry argued that NPNF staining in humans revealed cores of darkly stained, M-like dendrites and cell bodies surrounded by a lattice of unstained, presumably P-like territories, consistent with the honeycomb model. Yoshioka and Hendry did not, however, directly compare human and nonhuman patterns of NPNF immunostaining, and, furthermore, they reported finding little immunostaining for MAP 2 in human area V1, in contrast to results in macaques (14) (15) (16) .
The present study was carried out to clarify the similarities and differences in the organization of area V1 in humans and other primates. One specific goal was to determine whether the unusual laminar distribution of CO staining reported in humans is unique to humans or whether it is also present in apes, the animals most closely related to humans. To this end, we stained for CO in humans, apes, Old World monkeys, and New World monkeys. These investigations used both perfused and unperfused ape and monkey tissue and thus bear on the question of whether CO staining in humans is affected by different fixation conditions. A second goal was to directly compare the organization of the presumed M-related elements of layer 4A in humans and other primates by immunostaining for NPNF and MAP 2. It is noteworthy that this is one of the very few modern studies to directly compare the cerebral histology of humans and apes, notwithstanding their close evolutionary relationship (see also ref. 32 ).
MATERIALS AND METHODS
Subjects and Tissue Preparation. We examined the occipital lobes of five humans (Homo sapiens), nine common chimpanzees (Pan troglodytes), one orangutan (Pongo pygmaeus), six Old World macaque monkeys (representing Macaca mulatta, Macaca nemestrina, Macaca fascicularis, and Macaca assamensis), four Old World vervet monkeys (Cercopithecus aethiops), four New World squirrel monkeys (Saimiri sciureus), and three New World spider monkeys (Ateles geoffroyi). Human tissue was acquired from the Northwestern University Alzheimer's Disease Center. The individuals were adults of both sexes ranging in age from 54 to 83 years (mean ϭ 68). Four of five brains were rated as normal controls on neuropathological criteria by the Northwestern University Alzheimer's Disease Center. Postmortem intervals ranged from 3 to 18 hours. The orangutan brain and three of the chimpanzee brains came from individuals from the New Iberia Research Center that died of natural causes and had no known neurological or behavioral abnormalities. Postmortem intervals ranged from 2 to 12 hours. A fourth chimpanzee brain came from an animal euthanized for veterinary reasons at the Yerkes Primate Center of Emory University but was sectioned and stained at the University of Louisiana at Lafayette. Five additional chimpanzees were euthanized for veterinary reasons at the Yerkes Primate Center, and their brains were processed at Yerkes by Drs. Johannes and Margarete Tigges. The chimpanzee individuals were adults, ranging from 16 to over 50 years of age. The monkey brains came from the University of Louisiana at Lafayette's New Iberia Research Center and Vanderbilt University animals. All procedures involving nonhuman species were carried out in accordance with institutional animal welfare guidelines.
Humans brains were removed from the skull, were blocked in the coronal plane in thin (1-1.5 cm thick) slabs to reduce fixation artifact, and were immersed in phosphate-buffered 4% paraformaldehyde for 24-95 hours. One chimpanzee brain and the orangutan brain were prepared in comparable manner. Two other chimpanzees brains were immersed whole or in large blocks in buffered 10% formalin or 4% paraformaldehyde for 3 days in one case and 40 days in the second. A fourth chimpanzee was fixed by perfusion with 4% paraformaldehyde and was postfixed for 24 hours in 2% paraformaldehyde. The five chimpanzees prepared at Yerkes were perfused with a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde. The majority of Old World and New World monkeys were fixed by perfusion with 2-4% paraformaldehyde or with a mixture of 2-4% paraformaldehyde and 0.08-0.15% glutaraldehyde. However, four macaques were fixed by immersion in 2-4% paraformaldehyde for 4-9 days after postmortem intervals of 10 minutes to 5 hours. Brain blocks were subsequently cryoprotected with sucrose or glycerol solutions and were cut on freezing microtomes at 40-50 m in standard planes (in most cases the coronal plane). Sections were collected in phosphate buffer, transferred to cryoprotectant solution, and then stored at Ϫ20°C before histological processing.
Histochemistry. Sections from five Homo, nine Pan, one Pongo, five Macaca, four Cercopithecus, two Saimiri, and three Ateles were reacted for cytochrome oxidase (33) . In most cases, the reaction product was enhanced with cobalt chloride or imidazole (34) . Immunostaining for NPNF and MAP 2 was carried out using standard streptavidin-biotin and diaminobenzidine techniques (35) . The diaminobenzidine reaction was intensified by using imidazole or (in a few cases) nickel and cobalt. Sections were pretreated with methanol and hydrogen peroxide to enhance membrane permeability and to inactivate endogenous peroxidase. To further facilitate penetration of the immunoreagents, Triton X-100 was used in both the blocking and primary antibody incubation steps, typically at a concentration of 0.1%. In all cases, control sections were run that were not exposed to the primary antibody, which resulted in the absence of specific staining. We stained for NPNF by using monoclonal antibody SMI-32 (Sternberger Monoclonals, Baltimore) at a 1:2,000 dilution in five Homo, four Pan, one Pongo, five Macaca, three Cercopithecus, four Saimiri, and two Ateles. We stained for MAP 2 by using clone HM-2 (Sigma) at dilutions of 1:8,000 or 1:10,000 in five Homo, three Pan, one Pongo, four Macaca, three Cercopithecus, four Saimiri, and two Ateles.
Analysis. The laminar distribution of CO and immunostaining was assessed by examining Nissl-counterstained sections or neighboring sections stained for Nissl only. Digital images of stained sections were acquired with a Diagnostic Instruments (Sterling Heights, MI) Spot camera. ADOBE PHOTOSHOP software (Adobe Systems, Mountain View, CA) was used to adjust illumination levels and sharpen images. We also used PHOTO-SHOP's tools for splitting color channels to evaluate the laminar organization of diaminobenzidine labeling in Nissl-counter- stained sections, separating the red-brown diaminobenzidineimidazole-stained elements from the blue Nissl-stained elements.
We identified the layers of area V1 according to the system of Brodmann (36) , as modified by Lund (37) . This system distinguishes four subdivisions of layer 4, namely, 4A, 4B, 4C␣, and 4C␤. There are good reasons to regard layers ''4A'' and ''4B'' as subdivisions of layer 3, rather than layer 4 (11, 38), but we used the Brodmann-Lund system here because it has been so widely used in modern studies of primate visual cortex.
The inferences about patterns of evolutionary change offered in this study presuppose that the relationships among living anthropoid primate groups are well understood. This is the case (24), although it remains controversial whether gorillas are more distantly related to humans than are chimpanzees (39) . The outcome of this debate does not affect the present analysis.
RESULTS
Our results confirm that the CO staining pattern of humans differs from that of monkeys and also indicate that at least some ape species display a human-like pattern (Fig. 2) . Both apes and humans (Fig. 2 D-F) lack a dark-staining layer 4A band, and both possess a band of moderate staining in layer 4B that is not typically present in monkeys (Fig. 2 A-C) . It is unlikely, furthermore, that the absence of a 4A band in hominoids is artifactual: The band was absent from ape brains regardless of whether they were fixed by perfusion or immersion, and it was present in immersion-fixed macaques brains as well as those that were perfused (compare Fig. 2 C and E) .
As with CO staining, immunostaining for NPNF revealed both similarities and differences across species (Fig. 3) . All species exhibited dark bands composed of labeled cell bodies and neuropil in layers 6 and 4B and somewhat lighter staining in layers 5 and 4C␣. One especially striking difference was evident in the upper cortical layers. In apes and humans, layer 3 was densely packed with stained pyramidal cell bodies and neuropil, and stained apical dendrites extended into layer 2 (Fig. 3 D-I ) whereas in the monkeys, layer 3 staining was either much weaker ( Fig. 3 B and C) or more narrowly restricted (Fig.  3A) . However, the difference in NPNF expression between hominoids and monkeys was not restricted to area V1 but, rather, extended over much of the neocortex (see also ref. 40 extensive layer 3 NPNF staining than do macaques in area V1 and other parts of neocortex. Humans exhibited an additional and distinctive feature of NPNF immunoreactivity that was not observed in other taxa. In New World and Old World monkeys, layer 4A appeared as a rather uniform light band, punctuated by vertically oriented dendrites and occasional cell bodies extending upward from the dark band of layer 4B (Fig. 3 A-C; Fig. 4A ), consistent with the honeycomb model. In ape layer 4A, some prominent bands of NPNF-stained material could be seen to bridge the gap between layers 4B and 3 ( Fig. 3 D and E) . Nevertheless, as in monkeys, ape layer 4A stained rather lightly overall for NPNF, and those cells and neurites in layer 4A that stained for NPNF were predominantly vertically oriented (Fig. 4B) . In contrast to monkeys and apes, human layer 4A had an extremely irregular appearance resulting from the extension of bands of darkstaining tissue from layer 4B into 4A, where they appeared to envelop and cap lightly stained territories (Fig. 3 F-I; Fig. 4C) . As a result, human layer 4A had a characteristic mesh-like appearance. Within the bands of dark tissue coursing through layer 4A, we observed some remarkable arrangements of cells, with chains of tightly clustered somas and dendrites looping around pale zones (Fig. 4C) . The pale zones demarcated by the dark bands adopted a variety of shapes and sizes, but they were typically round or somewhat oblong, and most measured between 60 and 120 microns in the plane parallel to the pial surface. The thickness of 4A could be spanned by a single large capsule or by clusters of two or more smaller capsules. In some cases, the fenestrated appearance of layer 4A appeared to extend into the deep part of layer 3 ( Fig. 3 G and H) . We observed this mesh-like pattern of 4A staining with NPNF in all of our human cases and in none of the other species we examined. MAP 2 immunostaining was more variable in quality than NPNF staining, and some of our human and ape material in particular evinced rather weak staining. However, we obtained dense staining of neurites and cells bodies in three human cases and two ape cases, and the laminar distribution of staining in these cases generally resembled that observed in Old World and New World monkeys (Fig. 5 A-C) . All of our well stained monkey, ape, and human cases exhibited dense immunoreactivity in layer 6, with lighter bands of immunostaining in layers 5 and 4B. Lighter staining was observed in layers 4C and deep layer 3 whereas the density of staining in upper layer 3 and layer 2 was quite variable across cases. Most significantly, however, in our three human cases that stained well for MAP 2, the appearance of layer 4A differed from that of apes and monkeys, displaying an irregular, fenestrated pattern similar to that observed in human tissue stained for NPNF (Fig. 5 C-E) .
To date, we have not been able to obtain human brain material suitable for examining layer 4A in flattened sections. In one case, however, a portion of calcarine cortex was folded in such a way that coronal sections passed tangentially through layer 4A. This region exhibited a mesh-like pattern of staining for NPNF and MAP 2 (Fig. 5D ), similar to that seen in coronal sections.
Discussion
This study documents at least two differences in the organization of the primary visual area of humans compared with Old World and New World monkeys (Fig. 6) . First, humans differ from monkeys in the laminar distribution of CO activity in layers 4A and 4B, a difference that may reflect evolutionary changes in the organization of P geniculate inputs to area V1. Moreover, CO staining in apes resembles that in humans. Second, humans differ from monkeys (and from apes) in the architecture of the presumed M-related elements of layer 4A, which stain for NPNF and MAP 2. It is very likely, therefore, that the compartmental organization of M-and P-related territories within human layer 4A differs from the pattern described in monkeys.
Our results confirm previous reports that the CO staining pattern of humans differs from that of most monkeys (17, (25) (26) (27) (28) and indicate that at least some apes, specifically, chimpanzees and probably also orangutans, possess a humanlike condition. The ape-human pattern is marked by the absence of the thin, dense band of CO staining within layer 4A that is typical of nonhominoids, along with darker staining of layer 4B than is seen in monkeys. The enhanced CO staining of layer 4B in humans has not previously been described. Our results weigh against the possibility that the observed phyletic differences are artifacts of differential tissue preservation, as the staining patterns we observed in chimpanzees and macaques were qualitatively similar whether the animals were fixed by perfusion or by postmortem immersion.
The presence of dense CO staining in layer 4A and light staining in layer 4B in most New World and Old World monkeys that have been examined suggests that this was the ancestral pattern for anthropoid primates (Fig. 6) . Consequently, the hominoid pattern of light staining in layer 4A and darker staining of 4B should be interpreted as a derived (specialized) characteristic. We currently lack information about CO activity in gibbons (genus Hylobates), which makes it impossible to determine whether the pattern of CO activity characteristic of humans, chimpanzees, and orangs evolved before or after the lineage leading to gibbons separated from the lineage leading to the other apes and humans. We also lack data about CO activity in gorillas, although we would expect these animals to resemble Homo, Pan, and Pongo.
The most significant result of the present study is the demonstration of a remarkable, mesh-like architectural pattern in human layer 4A (possibly extending into the deep part of layer 3) using antibodies against NPNF and MAP 2. Previous accounts of NPNF staining in humans did not report the distinctive pattern of staining reported here, although it can be discerned in some published photomicrographs (17, 30, 41) . By contrast to our results in humans, the laminar distribution of NPNF and MAP 2 staining we observed in Old World and New World monkeys was similar to that described in earlier studies of these proteins in the Old World monkeys Macaca (14-16, 30, 42, 43) and Cercopithecus (44) . Moreover, the fact that apes possess a rather monkey-like layer 4A, when stained for NPNF or MAP 2, suggests that the meshwork architecture is a true human evolutionary specialization, rather than a hominoid (ape-human) specialization.
The nature of the anatomical specializations of area V1 documented here point to possible differences in the way M and P inputs influence cortical visual processing in humans, apes, and monkeys. The loss of dense CO staining in layer 4A of humans and apes suggest that P-geniculate projections to this layer, which are present in most monkeys, were reduced or lost in humans and apes. Alternatively, P-geniculate terminal fields might persist in humans and apes but have a more dispersed distribution than in monkeys, where they are confined to a narrow, compact band. There have been very few studies of geniculocortical connections in humans and apes, although the few reports that do exist are consistent with the absence of a projection to layer 4A in these species (45, 46) . Additional investigations of ape and human geniculocortical connections are clearly warranted.
Our results also suggest strongly that the M-related components of layer 4A were modified in recent human evolution. The mesh-like architecture of humans reflects a change in the spatial arrangements of cell bodies and dendrites in layer 4A, such that bands of tissue that express NPNF and MAP 2 (presumably tissue with M affinities) came to envelop patches of lightly stained tissue (presumably territories with P affinities). As a result, humans are alone among primate species examined in having large amounts of NPNF-and MAP 2-immunoreactive tissue in layer 4A. These architectural changes suggest there were changes in information processing within the M pathway during human evolution, or in the manner in which the M and P streams interact within layer 4A (47) , and possibly also an enhancement or augmentation of M representation in layer 4A. An augmentation of M representation in human area V1 would accord with reports that the M-related retinal ganglion cells of humans have larger dendritic field than those of macaques (8) and that humans are more sensitive to luminance contrast than are macaques (9, 10) .
The identification of human specializations of M representation in area V1 has potentially important implications for our understanding of human visual function. Modifications of area V1 organization should be reflected at higher levels of the human visual system, as extrastriate cortex receives most of its visual information from area V1 (11, 48) . It is therefore noteworthy that the extrastriate area known as V3A is very sensitive to moving stimuli in humans, unlike its macaque counterpart (49) . Elucidation of human visual specializations might lead to a more complete understanding of developmental dyslexia, a disorder accompanied by pathology and dysfunction of the M system (50, 51) .
This study also has important implications for the understanding of human brain evolution. As far as we can determine, the meshwork architecture of human layer 4A is the first documented feature of brain organization, not obviously related to differences in brain size, that distinguishes humans from apes, our closest relatives. This is perhaps not surprising, given the dearth of modern neuroscientific studies of apes. It is also the case, however, that classical discussions of human brain evolution neglected the possibility of changes in histology or connectivity (52) (53) (54) , focusing instead on the dramatic increases in brain size that took place in the human lineage subsequent to the ape-human divergence and the concomitant expansion of higher-order association cortex (36, 55) . The present results illustrate that human brain evolution entailed modification of neuronal architecture as well as changes in brain size. Furthermore, evolutionary modifications were not restricted to higher-order association cortex, but also involved sensory cortex-indeed, cortex situated at a very early stage in the visual-processing hierarchy (11, 48) . Future investigations can be expected to reveal additional human specializations of neural organization and function. Candidate specializations include several reported human-monkey differences (56) (57) (58) (59) . As the present study illustrates, however (see also ref. 32 ), humans and apes can share brain characteristics not found in monkeys, and it is therefore necessary to compare humans and FIG. 6 . An interpretation of changes in area V1 organization that took place during the evolutionary radiation of the hominoid primates (apes and humans). Changes are mapped onto a tree depicting the evolutionary relationships of primates (24) .
